Ninety-two biochemical, physiological and nutritional characters of 70 Agrobacterium strains and a few representatives of the genera Rhizobium, Pseudomonas, Erwinia, Achromobacter, Klebsiella and Escherichia were subjected to computer analysis. Sixty-five agrobacteria fell into two distinct clusters. All authentic 3-ketolactose-positive Agrobacterium tumefaciens and A. radiobacter strains grouped in one rather heterogeneous cluster, whereas the atypical 3-ketolactose-negative tumour-inducing agrobacteria, and the named A. rhizogenes strains, grouped in a very tight cluster. Agrobacterium rubi and two other 3-ketolactose-negative tumourinducing strains were not placed in either cluster. Two other strains were misnamed. Diagnostic characters are presented for distinguishing clusters and groups. The present division of the genus into species is based on phytopathogenicity and does not reflect the natural relationships amongst the agrobacteria.
we subjected 92 physiological, biochemical and phytopathological properties of 70 cultures of named Agrobacterium tumefaciens, A . radiobacter, A . rhizogenes, A . rubi and several unnamed agrobacteria to numerical analysis. Graham (1964) and Heberlein et al. (1967) have suggested profound changes in the nomenclature of Agrobacterium and Rhizobium and their proposals have been adopted by Moffett & Colwell(1968) and White (1972) . This report, however, does not deal with nomenclature, but with phylogeny within the agrobacteria. Strains will simply be referred to by their former species names. A preliminary account of these investigations has been published (De Ley, 1972) .
M E T H O D S
Strains. The strains used are listed, with their origin, in Table I . They were maintained at 4 "C on the following medium: glucose, 2 % (w/v); yeast extract, I % (w/v) (Nederlandse Gist-en Spiritusfabriek, Brugge, Belgium); CaCO,, 2 % (w/v) and agar, 2
Methods of testing. All tests were performed at 28 "C. Starter cultures were grown at 28 "C for 24 h as described by Moffett & Colwell (1968) . Inoculations of all liquid test media were made with I or 2 drops of a roo-fold dilution of the starter culture in 0-01 M-phosphate buffer, pH 7.0. Each liquid test medium received 105 to ro6 viable organisms. The replica plate technique as described by Stanier, Palleroni & Doudoroff (1966) was not satisfactory in our case, because inocula were too large and nutrients were carried over.
For the study of nutritional and physiological features, the mineral basal medium employed was a modification of the basal medium of Graham & Parker (1964) : MgSO, . 7H20, 0.25 g; CaCl,.aH,O, 0.025 g; Na,HPO,. 12H20, 1.2 g; KH2P04, 0.55 g; NaCl, 0.25 g; FeSO,. (NX4),SO4. 6H20, 4 mg; ZnSO,. 7H20, 0.16 mg; CuSO,. 5H20, 0.08 mg; H3BO3, 0.5 mg and MnSO,.H,O, 0.4 mg; distilled water I 1; pH 7.0.
All nutritional tests were read at 4 days, I, 2 and 3 weeks. Morphological and colonial features. Colonial features and pigmentation were examined after 3,7 and 14 days of growth on a medium containing: glucose, I % (wlv); yeast extract, I % (w/v); (NH4)$04, 0.1 % (w/v); KH2P04, 0.025 % (w/v) and agar, 2 % (w/v). The type of flagellation was determined by the method of Rhodes (1958) and occasionally by electron microscopy, kindly performed by Dr A. Rassel (Gembloux, Belgium) with the methods described previously (De Ley & Rassel, 1965; De Ley et al. 1966) .
Organic compounds as sole source of carbon. Growth on organic compounds and acid production from carbohydrates and ethanol were determined on the mineral basal medium supplemented with: NH,H,PO,, 0.05 % (w/v) and yeast extract (Difco), 0*00025 % (wlv). The following carbohydrates were filter-sterilized and tested at I % (w/v) : L-arabinose, D-arabinose, D-xylose, D-fructose, D-galactose, D-glucose, D-mannose, cellobiose, lactose, maltose, sucrose, dulcitol, glycerol, meso-inositol, sorbitol, L-sorbose, sodium-D-gluconate and ethanol. The following organic salts were tested at 0-2 % (w/v) : sodium acetate, sodium-D,L-glycerate, sodium-D-lactate, sodium-r,,L-mandelate, sodium succinate, sodium benzoate, sodium formate, sodium glyoxylate, sodium oxalate. Bromocresol purple (0.00 I 6 %, w/v) was added to all carbohydrate-containing media. Acid formation was recorded after 4 days, I, 2 and 3 weeks, and the pH of the culture medium was determined after 3 weeks of growth.
Amino acids as sole source ojcarbon and nitrogen. Growth on the following filter-sterilized amino acids (0.1 %, w/v) was determined in the mineral basal medium with 0-00025 Reduction of nitrate and nitrite was detected in YM liquid medium with 0.0025 % (w/v) yeast extract (Difco) and either 0.1 % (wlv) KN03 or 0.0005 % (wlv) NaNO,. Nitrite and residual nitrate were detected after 2, 4 and 7 days using the Griess-Ilosvay reagents as described in the Manual of Microbiological Methods (I 957).
Anaerobic growth in the presence of nitrate was determined on: glucose, I % (wlv); yeast extract, I % (w/v); KNO,, 0.5 % (w/v); (NH4)2S04, 0-1 % (w/v); KH2P04, 0.025 % (w/v) and agar, 2 % (w/v). Slants were inoculated from a 2-day-old YM starter culture and anaerobiosis was obtained with alkaline pyrogallol. Growth at 28 "C was recorded after 7 and 14 days.
Hydrogen sulphide production from cysteine. The liquid YM medium with 0.01 % (w/v) cysteine and lead acetate paper was used.
Hydrolysis of gelatin was determined on YM agar plates supplemented with 0.5 % (wiv) gelatin. After 4 days of growth at 28 "C the plates were flooded with 15 % (w/v) HgCI2 in 2 N-HC1.
Litinus milk reaction. One drop (about IO* organisms) of a 2-day-old YM starter culture was added to 10 ml litmus milk (Oxoid), mixed well and incubated at 28 "C without further shaking. Peptonization and colour changes were recorded weekly, but only the data after 3 weeks are presented here.
Phytopathogenicity. Infectivity was tested on tomato plants and on carrot discs as described by De Ley et al. (1966) and Lippincott & Lippincott (1969) , respectively. Tumour and root formation on the discs was recorded after 2 and 3 weeks. A proliferation of the primary xylem observed with some strains was not regarded as tumour tissue.
Growth on liquid sucrose +salts medium, selective medium of Clark and citrate. The media of Lippincott, Webb & Lippincott (I 965), Clark (I 969) and Koser (I 923) , respectively, were used. Growth on citrate was also determined on the medium of Simmons (1926) , supplemented with 0.0005 % (w/v) yeast extract (Difco).
Absorption of aniline blue was determined by the method of Hendrickson, Baldwin & Ri ker (I 934) .
Surface pellicle formation in ferric ammonium citrate and growth on Ca-glycerophosphate agar were determined by the methods of Keane et al. (1970) .
Coding of features for computation. Most properties were coded as multistate quantitative characters and each multistate character was converted into a series of Z-state unit characters by the additive method of Sokal & Sneath (1963) . Strong, weak and no growth, acid production, etc., were coded respectively as I,I, I,O and o,o. Growth on D,L-glycerate, formate, glyoxylate, L-valine, and H2S formation were coded as two-state characters. Colonial pigmentation, reaction on litmus milk, infectivity and growth on Ca-glycerophosphate agar were coded as multistate qualitative characters. Each strain was tested for 187 unit characters.
Computation. The simple matching coefficient (SSM) (Sokal & Michener, 1958) was computed. To reduce dissimilarities due to differences in growth rate the pattern difference Numerical taxonomic analysis of Agrobacterium On: Fri, 07 Dec 2018 13:27:47 coefficient (Dp) was also calculated (Sneath, 1968) . Both coefficients were clustered by both single linkage (Sneath, I 957) and unweighted average linkage (Sokal & Michener, 1958) . All calculations were carried out on an ICL 41 30 computer at Leicester University.
RESULTS
The bacteria selected for this study consisted of 70 Agrobacterium strains of widely divergent origin (Table I) . Six strains of the following genera were included for comparison: Erwinia, Escherichia, Klebsiella, Pseudomonas and Rhizobium. Three supposed Achromobacter strains (AB I I 96, AB I 293 and NCIB 8 I 29) were also investigated, because previous numerical analysis and DNA hybridization studies suggested a distant relationship with Agrobacteriurn (J. M. Shewan and J. De Ley, unpublished).
The results are represented in a dendrogram (Fig. I) . Sixty-five of the 70 agrobacteria examined grouped in one of the two major clusters, formed at the 80 % similarity level.
Five strains, two of them being misnamed (M39 and NCPPB 1772), did not fall into any of the clusters.
All authentic agrobacteria (strains M39 and NCPPB 17-72 are not regarded as such) were Gram-negative rods, 1.5 to 3 pm long, peritrichously flagellated; grew on L-ornithine and L-asparagine; were sensitive to 30 pg aureomycin, 10 pg gentamycin, 30 pg neomycin, 30 pg novobiocin, 30 pg terramycin, 30 pg tetracycline; reduced nitrite; produced H2S from cysteine and possessed catalase ; failed to grow on sodium benzoate, sodium formate, sodium glyoxylate, sodium oxalate, L-phenylalanine, L-methionine, L-tryptophan and L-valine; did not produce acid from glycerol, meso-inositol, maltose and sodium-D-gluconate ; did not hydrolyse gelatin. The DNA base composition varied from 58 % to 62 % GC.
Cluster I . Predominantly 3-ketolactose-positive strains This is a complex cluster, consisting of seven groups (subclusters), tentatively designated by representative strain numbers (Fig. I, Table 2 ). The similarity within the groups of cluster I is at least 90 %.
Cluster I consists of named Agrobacterium tumefaciens and A . radiobacter strains, some unspecified Agrobacterium strains but no A. rhizogenes strains. The following properties differentiate them from cluster 2 (Table 2) : colonies on glucose-yeast extract medium were beige and usually mucous ; all strains were 3-ketolactose-positive (except strains 0362 and 0363) ; produced characteristic brownish coloured curd and serum zones in litmus milk, grew on D-lactate, produced a brown surface pellicle on ferric ammonium citrate, grew abundantly on most carbohydrates with weak acid production and failed to grow on Ltyrosine. The 'biotype I ' of Keane et al. (1970) , and Group I of White (1972) almost certainly fall in our cluster I . Certain characters can be used to differentiate the groups (Table 2) . Although very similar, they are retained as groups because it is known from DNA hybridization (De Ley, 1972) that the genomes are at least 80 % homologous within each group, and about 50 % between groups (except the NIAS I group).
B 6 and TT I I I Groups. Both large groups could be distinguished from each other by the ability of the former to grow aerobically on L-sorbose and anaerobically on a glucose-yeast extract medium containing nitrate. It should be emphasized that the B 6 and TT I I I groups are genetically only 50 % homologous with each other and with the other groups (De Ley, 1972 
K. KERSTERS, J. DE LEY, P. H. A. S N E A T H A N D M. S A C K I N F/I
Group. This group consists of two pathogenic strains (F/I, 925); they formed a black pigment on Ca-glycerophosphate agar and failed to grow on dulcitol.
MAS I Group. Both Japanese strains (NIAS I, NIAS A-2-1-1) were pathogenic and could be differentiated from the ~6 group by their inability to grow on sodium acetate, ethanol and L-sorbose.
0362 Group. Both 3-ketolactose-negative Australian strains (0362, 0363) could be differentiated from all other agrobacteria by their ability to grow on Koser's citrate.
M2/I Group. Both Belgian isolates (~21211, M2/I) were non-pathogenic and grew on acetate and ethanol but not on dulcitol.
T T~ Group. This group consists of three pathogenic strains. They grew anaerobically on the glucose-yeast extract medium containing nitrate and were sensitive to coly-mycin, whereas strains of the ~6 group were generally resistant.
Cluster 2. 3-Ketolactose-negative strains
Fourteen strains joined above the 85 % S-level to form a very homogeneous cluster (Fig. I) containing all named authentic Agrobacterium rhizogenes strains, some atypical crown-gall producers, and some unspecified Agrobacterium strains. Colonies on glucose-yeast extract medium were white and mucous. All strains were 3-ketolactose-negative, produced a characteristic pink-coloured curd zone in litmus milk, turned the modified Simmons citrate medium blue, grew weakly on most carbohydrates with pronounced acid production from the following sugars : D-xylose, D-galactose, D-glucose and D-mannose (pH values of the culture media after 3 weeks of growth were between 4.0 and 5.0). They failed to grow on D-lactate, did not form a brown surface pellicle on ferric ammonium citrate and grew weakly on L-tyrosine (Table 2) . Our cluster 2 has almost identical biochemical and nutritional properties as Croup I11 of White (1972) and 'biotype 2' of Keane et al. (1970) . The latter authors describe a few more tests, that distinguish biotype I from 2. The tests for oxidase, growth on glycerophosphate agar and sodium selenite agar were not successful for separating our strains.
The ungrouped strains
Of the five strains which did not cluster with any of the above agrobacteria (Fig. I) , two are probably misnamed. Strain N C P P B I~~~, isolated from Vitis vinifera in Iran, is yellow, polarly flagellated and non-pathogenic. Strain M39, a supposed u.v.-induced mutant of Agrobacterium tumefaciens CIPSI (which is a stf mutant of A . tumefaciens B6) is nonpathogenic, phenotypically and genotypically aberrant, and perhaps related to Alcaligenes denitrijicans (van der Plaat, Vernie & De .
The three remaining 3-ketolactose-negative, crown-gall forming Agrobacterium strains (NCPPB I 650, NCPPB I 77 I and Agrobacterium rubi ICPB T R~) are clearly separate from each other and from both major clusters. Some of their features are listed in Table 2 .
The 'vigour' (proportion of positive character states; Sneath, 1968) for strains T R~ and N C P P B I~~O is considerably lower (0-2 and 0-3 respectively) than for clusters I and 2 (0.54 to 0.65 and 0.42 to 0.48 respectively). A lack of appropriate growth factors in the media is probably the major reason for the large number of negative nutritional tests of both strains. Starr (1946) and Keane et al. (1970) found that Agrobacterium rubi requires L-glutamate and cofactors, present in yeast extract.
Strain NCPPB 1771, isolated from Vitis vinifera in Iran, is aberrant in several nutritional and biochemical tests ( Table 2 ). The genomes of these three strains hybridize to an extent of less than 20 % with each other and with all other agrobacteria (De Ley, 1972 
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In addition, this phenotypic analysis indicates that the Achromobacter strains AB I 196, AB 1293 and NCIB 8129, and all reference strains, are clearly separate from the agrobacteria.
Comparison of data using the simple matching coeficient, pattern direrence coeficient and diferent cluster analysis techniques
There was very good agreement between the clusters formed by single linkage and unweighted average linkage of the simple matching and pattern difference coefficients. In all analyses the same 51 and 14 strains grouped in clusters I and 2 respectively, whereas strains NCPPB I 650, NCPPB 1771 and Agrobacterium rubi ICPB TR2 always occupied a separate position. The groups in the average linkage clustering of SSM were the same as in the average linkage clustering of Dp. Therefore the differences between the groups and clusters are not simply accounted for by differences in growth rate or vigour.
Identijication of clusters and major groups
I and 2 are separated by 20 out of 90 characters. (Fig. I) , correspond rather well with biotypes I and 2 , respectively, of Keane et al. (1970) . Although fewer strains and less features were used, the recent results of White (rgp), are essentially similar to ours.
Cluster I contains 3-ketolactose-positive tumour-inducing and non-pathogenic agrobacteria. It seems very likely that biotype I of Keane et al. (1970) and Group I of White (1972) are identical with our cluster I. The seven groups of cluster I are genetically different (De Ley, 1972) but phenotypically very similar. They can be differentiated from each other only by less than 4 characters out of 92 checked. An extensive study of many other agrobacteria (unpublished) showed that, at the present time, groups F/I, 0362 and ~2 1 1 consist of two strains only.
The 3-ketolactose test (Bernaerts & De Ley, 1963 ) is of paramount importance for quick identification of cluster I . It is a well-established test in practical phytopathology and bacterial identification. However, Moffett & Colwell(1968) reported that none of their agrobacteria were 3-ketolactose-positive, whereas Lippincott & Lippincott (I 969) and we found unequivocally positive 3-ketolactose reactions for their strains 471 8, 4720, I I I 56, B6, I I I 57, I 3333 and ~G L Y F E . In our experience with several hundreds of different strains this test has always been perfectly reproducible when performed as described by Bernaerts & De Ley (1963) .
Cluster 2 contains most of the 3-ketolactose-negative tumour-inducing bacteria and all Keane et al. (1970) and Lippincott & Lippincott (1969) , that both types of strains.are phenotypically indistinguishable, except for their phytopathological behaviour. The biochemical properties of the 3-ketolactose-negative tumour-inducing agrobacteria of our cluster 2 correspond with the definition of A . rhizogenes by Riker et al. (1930) . According to Keane et al. (1970) two named A. rhizogenes strains (~~1 0 4 and TRIO^) belonged in their biotype I (roughly our cluster I). However, strain ~~1 0 4 (~~~~1 3 3 3 3 , NCPPBS) is probably misnamed : it is a normal 3-ketolactose-positive, crown-gall producing strain, which fails to induce root-formation (Lippincott & Lippincott, 1969 ; K. Kersters, unpublished) . We suspect that the rhizogenic properties of strain TRIO^ should be rechecked.
The ungrouped 3-ketolactose-negative tumour-inducing strains Agrobacterium rubi ICPBTR~, A . tumefaciens NCPPB 1650 and 1771 may form nuclei around which future Agrobacterium isolates may cluster. This is certainly so for T R~, because acrylamide gel electrophoresis and DNA: DNA hybridizations indicate that it forms a separate, distinct cluster with A. rubi ~~~~1 3 3 3 5 and A . tumefaciens E U~. Keane et al. (1970) included the A . rubi strains in their biotype 2, but according to our present data they form a very small separate cluster. Strains NCPPB 1650 and 1771 are genetically and phenotypically unique in more than 250 agrobacteria investigated (unpublished).
The groupings obtained with numerical analysis agree on the whole excellently with the results from DNA: DNA hybridizations, DNA hybrid stability (De Ley, Tijtgat, De Smedt & Michiels, 1973) and protein electrophoresis (J. De Ley & K. Kersters, unpublished) . In some cases these methods complement each other. For example, strains NIASI and NIASA-2-1-1 form phenotypically a small group (Fig. I, Table 2 ) , but genotypically they belong in the ~6 group. Strains CIPRV~, Zutra 3/1, and NCPPB 1641 are phenotypically indistinguishable from the ~6 group, whereas genotypically they form a distinct group at 50 % DNA-homology with all other groups. DNA hybridization and electrophoretic protein profiles indicate that strain Mushin 6 is a member of the small T T~ group. Strains I P O~I~, I I S V~ and Gembloux A appear to be separate cases in cluster I , but DNA hybridization shows them to be members of the TTI I I group.
The non-pathogenic Agrobacterium radiobacter strains are scattered over four groups of cluster I (Fig. I) . They are indistinguishable from the 3-ketolactose-positive A. tumefaciens strains, except for phytopathogenicity. In contradiction to some previous claims (Beugey 's Manual, I957) , the following features appeared to have no diagnostic value: congo red and aniline blue absorption (Riker et al. 1930; Hendrickson et al. 1934) , brown pigment production on calcium glycerophosphate agar (Hendrickson et al. 1934 ) and the ability to utilize nitrate in nitrate glycerol phenol-red medium (Sagen, Riker & Baldwin, 1934) . Huisingh & Durbin (1967 ), Lippincott & Lippincott (1969 , and Keane et al. (1970) likewise could not detect any physiological or biochemical difference between A . tumefaciens and A . radiobacter. A similar situation exists for the 3-ketolactose-negative A. tumefaciens and A. rhizogenes strains, which differ only in their phytopathological behaviour.
The three main species names in the genus Agrobacterium refer mainly to their state of phytopathogenicity. In the present approach tumour formation is just one of 92 features and it appears to be found in all groups and both clusters. A taxon separation on the sole criterion of pathogenicity is very valuable for the practical phytopathologist, but a species separation on the same grounds is not justified biologically. The current classification of the genus Agrobacterium into species according to pathogenicity does not reflect the natural relationships amongst these bacteria.
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